Topological insulators and graphene present two unique classes of materials, which are characterized by spin-polarized (helical) and nonpolarized Dirac cone band structures, respectively. The importance of many-body interactions that renormalize the linear bands near Dirac point in graphene has been well recognized and attracted much recent attention. However, renormalization of the helical Dirac point has not been observed in topological insulators. Here, we report the experimental observation of the renormalized quasiparticle spectrum with a skewed Dirac cone in a single Bi bilayer grown on Bi 2 Te 3 substrate from angle-resolved photoemission spectroscopy. First-principles band calculations indicate that the quasiparticle spectra are likely associated with the hybridization between the extrinsic substrate-induced Dirac states of Bi bilayer and the intrinsic surface Dirac states of Bi 2 Te 3 film at close energy proximity. Without such hybridization, only single-particle Dirac spectra are observed in a single Bi bilayer grown on Bi 2 Se 3 , where the extrinsic Dirac states Bi bilayer and the intrinsic Dirac states of Bi 2 Se 3 are well separated in energy. The possible origins of many-body interactions are discussed. Our findings provide a means to manipulate topological surface states.
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Dirac fermion | electronic structures | thin films M uch recent attention has been devoted to graphene (1) (2) (3) (4) (5) (6) and topological insulators (TIs) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) , two unique material systems that exhibit conical linear electron bands of Dirac spectra. quasiparticles of Dirac fermions are distinct from those of ordinary Fermi liquids (19) (20) (21) . Although rather difficult and rare, recent angle-resolved photoemission spectroscopy (ARPES) experiments (1, 2, 5, 6) have directly shown the existence of many-body quasiparticle spectra near Dirac point in graphene, manifesting electronelectron, electron-phonon, and electron-plasmon interactions. Similar to graphene, TIs also possess Dirac cone, albeit it is spinpolarized or helical Dirac cone. So far, however, no renormalized quasiparticle spectra near the helical Dirac point similar to graphene have been reported in any known TIs, and most studies of TIs are based on the single-particle picture (9, 11, 12, 14, 18) . Here, we report direct experimental observation of a skewed helical Dirac point, a signature quasiparticle spectrum indicative of many-body interactions, by ARPES in a TI system of Bi(111) bilayer grown on Bi 2 Te 3 substrate, where a 2D TI is interfaced with a 3D TI (22) .
ARPES can probe the quasiparticle's scattering rate at different energy scales, and therefore can access the many-body interactions directly (23) . Our experimental observation of the quasiparticle spectra manifesting many-body effects is characterized with a "vertically nondispersive" feature near Dirac point. Based on model density functional theory (DFT) calculations of electron bands as a function of the artificially changed interfacial distance between the Bi bilayer and substrate, we found that the renormalized quasiparticle spectra in Bi/Bi 2 Te 3 are likely associated with the strong hybridization between the substrate-induced Dirac states of Bi bilayer and the surface Dirac states of Bi 2 Te 3 substrate at close energy proximity. When these two Dirac states are well separated in energy without the hybridization, such as in Bi/Bi 2 Se 3 , only single-particle Dirac spectra are observed without the feature of many-body interactions. We further discuss possible physical origins of the observed many-body spectra, and we are able to exclude the electron-phonon interaction.
Results and Discussion
We have grown Bi(111) films in the layer-by-layer mode on the (111)-oriented Bi 2 Te 3 and Bi 2 Se 3 substrates. The growth mode is studied by reflection high-energy electron diffraction (RHEED) and scanning tunneling microscopy (STM) (details can be found in the Supporting Information). The in-plane lattice constant is measured to match the substrate exactly with a perfect coherent interface, so that the Bi(111) film is under 3.5% and 9.0% tensile strain on Bi 2 Te 3 or Bi 2 Se 3 , respectively. Here, we focus on electronic properties of single Bi(111) bilayer grown on both substrates by measuring the electron band structures using ARPES.
The band structures of the bare Bi 2 Te 3 and Bi 2 Se 3 substrates near the Fermi level around zone center (Γ-point) are presented in Fig. 1 A and F, respectively. Linearly dispersive energy bands from surface states forming a Dirac cone at the Γ-point (14) are well separated from bulk bands. Known from previous ARPES studies and first-principles calculations (13, 14) , the Dirac point of Bi 2 Te 3 is hidden by the "M"-shaped bulk valence bands. In our films, the hidden Dirac point can be located at ∼0.2 eV below Fermi level by extrapolating the "V"-shaped surface bands. Similar to previous study (12) , the Dirac point of Bi 2 Se 3 is inside the bulk gap, located at ∼0.3 eV below Fermi level.
The electronic band structures are observed to change dramatically when a single Bi(111) bilayer is grown. On Bi 2 Te 3 , the M-shaped bulk bands disappear, as seen in Fig. 1 B and C. Most surprisingly, we see two sets of linearly dispersive bands crossing at Γ-point, one at the energy slightly above 0.2 eV and the other slightly below 0.2 eV, which is the location of the hidden Dirac point of bare Bi 2 Te 3 film (Fig. 1A) . In a recent study, it was thought there was only one Dirac point in this energy range (22) due to the limited ARPES momentum resolution. With substantial improvement of film quality and ARPES resolution, two Dirac crossing points are clearly resolved, with a magnified view shown in Fig. 1D . The upper "V" and lower "Λ" Dirac cone do not touch, and most interestingly, there appears a vertically nondispersive feature between them with an energy width of ∼0.05 eV. This can also be clearly seen in the momentum distribution curves (MDCs), as shown in (Fig. 1A) is ∼4.5 × 10 5 m/s. Electrons between V and Λ bands would have infinite velocity if the measured signals were real single-particle spectra. We do not believe that is the case.
The renormalization of linearly dispersive Dirac cone is a wellknown signature of quasiparticle spectrum arising from manybody interactions (1-6). We found that such quasiparticle TI spectrum is unique to the Bi/Bi 2 Te 3 system. Even in a similar and closely related Bi/Bi 2 Se 3 system, only ordinary single-particle TI spectra are observed, as shown in Fig The 2D character of the observed linearly dispersive bands is further confirmed by the photon-energy-dependent experiments that are widely used to separate surfaces states from bulk bands (11) . By tuning incident photon energy, we change the detectable momentum along the film's normal direction (k z ). Consequently, the measured energy band dispersions from bulk contributions will change as a function of incident photon energy. Fig. 2 shows the ARPES spectra under different incident photon energies (more spectra can be found in the Supporting Information). Except for the relative spectral weight or intensity, the band dispersions and the location of Dirac cone do not change. This indicates that the observed energy bands are coming only from 2D Bi bilayer and/or surface states of TI substrates.
The observation of quasiparticle TI spectrum and the fact that it only occurs in Bi/Bi 2 Te 3 but not in Bi/Bi 2 Se 3 are both very intriguing. To help understand the physical origin of the quasiparticle TI spectrum in Bi/Bi 2 Te 3 and the underlying difference between these two systems, we have performed DFT calculations of electron band structures of both systems. Fig. 3 A-D shows the calculated bands of Bi/Bi 2 Te 3 and Bi/Bi 2 Se 3 systems along highsymmetry directions. In both systems, the Dirac cone structures are all helical Dirac cones Supporting Information). Fig. 3 E and F shows the experimental bands overlaid with the calculated bands. We see that overall the agreement of band energies and dispersions between experiment and calculation is very good except for the slightly shifted Fermi level. However, there is one significant discrepancy in Fig. 3E : The experiment shows a nondispersive feature between two vertically separated V and Λ Dirac cones as discussed above, whereas the calculation shows two Dirac cones crossing at one point as for a typical single-particle Dirac-cone spectrum. This indicates that the observed nondispersive feature is originated from many-body interactions that cannot be reproduced by DFT calculations of single-particle spectrum.
To further support the above point, we have extracted the selfenergies from the experimental data and incorporated them into the calculated single-particle spectral functions (see the magnified view near Γ-point in Fig. 3G ) to construct the quasiparticle spectra (details can be found in Supporting Information). Fig. 3H shows the resulting quasiparticle spectral function with the self-energy correction near Γ-point. The single-point-crossing Dirac cone (Fig.  3G ) elongates vertically into a nondispersive feature between two Dirac V and Λ points (Fig. 3H) , in good agreement with the experimental spectra, as shown in Fig. 3I , where the experimental bands are overlaid with the theoretical bands. Here, the purpose of our theoretical fitting is mainly to show the qualitative importance of the self-energy correction, but the extracted self-energies should be treated with caution. This is because accurate quantitative values will need to be extracted from much more extended higher-
We further performed spectral analysis to better understand the DFT band structures. The projected spectral function calculations show that the calculated Dirac cone at ∼0.15 eV below Fermi level ( Fig. 3 A and B) is a hybrid Dirac state between the Bi bilayer and the bulk Bi 2 Te 3 film, with ∼50% spectral weight coming from the Bi bilayer. This is very surprising, considering that the single Bi (111) bilayer is well-known to have a finite gap (24) (25) (26) (27) . It turns out to be caused by a hybridization of two Dirac states, one intrinsic from Bi 2 Te 3 substrate and the other extrinsic from Bi bilayer induced by the interface (see Discussion below). A recent study had assigned this Dirac cone to Bi 2 Te 3 without knowing about the second Bi Dirac cone, although they did see the charge density of this Dirac state leaked into Bi (22) . In the Bi/Bi 2 Se 3 system, 90% of its spectral weight of the Dirac cone at ∼0.1 eV above the Fermi level ( Fig. 3 C and B) comes from the Bi bilayer with little hybridization with the substrate states. The second Dirac cone at ∼0.2 eV below the Fermi level fully comes from Bi 2 Se 3 .
If one looks at the calculated band structure of Bi/Bi 2 Te 3 ( Fig. 3  A and B) alone, there appears to be only one Dirac point, presumably coming from the Bi 2 Te 3 substrate. In contrast, the calculated band structure of Bi/ Bi 2 Se 3 ( Fig. 3 C and D) clearly shows two Dirac points. To resolve this difference, we have performed a set of "model" calculations by artificially increasing the interfacial distance between the Bi bilayer and Bi 2 Te 3 (or Bi 2 Se 3 ) substrate to gradually tune the interface coupling strength, as shown in Figs. 4 and 5. These systematic model calculations reveal that both systems have a second Dirac point produced by the Bi bilayer due to interfacial interaction. Interestingly, it just happens that at the equilibrium distance, the interface-induced Bi Dirac point lies at almost the same energy as the Bi 2 Te 3 Dirac point, so it appears as if there was only one Dirac point in Fig. 4E , as we discuss below.
The bands in Fig. 4D at large interface separation represent essentially the strained freestanding Bi bilayer bands at the Bi 2 Te 3 lattice constant. Projecting the spectral functions onto the top Bi bilayer with the decreasing interfacial distance (from Fig. 4 D to Fig.  4A ), we found that the interaction between the Bi and substrate gradually splits the degenerated Bi bands (Fig. 4D) , and the Dirac cone (D h in Fig. 4A ) partially comes from the lower branch of the Bi band. We also projected the spectral functions onto the top Bi bilayer plus upper two quintuple layers (QL) Bi 2 Te 3 (Fig. 4 E-H) , to see what happens to the "bulk" Dirac cone (D S ) of Bi 2 Te 3 film in this process. In Fig. 4H (4 Å away from the equilibrium distance), we can clearly see the bulk Dirac cone. However, with the decreasing interfacial distance (from Fig. 4H to Fig. 4E ), the interaction blurs the bulk Dirac cone (Fig. 4H) , making it indistinguishable from the substrate-induced Bi bilayer Dirac cone at the equilibrium distance (Fig. 4E) , and the two hybridize into the D h .
For comparison, the Bi/Bi 2 Se 3 results are shown in Fig. 5 . The bands in Fig. 5D at large interface separation represent essentially the strained freestanding Bi bilayer bands at the Bi 2 Se 3 lattice constant, which is to be noted as different from Fig. 4D . Similar to the Bi/Bi 2 Te 3 system, there is also a substrate-induced Dirac cone (D Bi ) forming from the lower branch of the Bi bilayer band, but different from the Bi/Bi 2 Te 3 system, its position is about ∼0.1 eV above the Fermi level (Fig. 5A ) and about 90% of its spectral weight comes from the Bi bilayer having little hybridization with the substrate states. Changing the interfacial distance, the position of the bulk Bi 2 Se 3 Dirac cone (D S ) is almost unchanged, staying at ∼0.2 eV below the Fermi level, as shown in Fig. 5 E-H; its spectral weight remains ∼100% from Bi 2 Se 3 independent of interfacial spacing. This is consistent with the ARPES experiment observing two Dirac cones at about these two energies ( Fig. 1 G and H) .
From the dependence of the spectral functions on the interfacial distance in Figs. 4 and 5, we find that the original bulk Bi 2 Te 3 Dirac cone and the newly induced Bi Dirac cone coincidentally lie together at close energy proximity (both at ∼0.2 eV below the Fermi level). Because the states around the two Dirac cones are all of the surface states (2D states, Fig. 2 ), we suggest that the energy resonance between them leads to the enhanced many-body electronic interactions that reconstruct the spectral function into nondispersive quasiparticle features (Fig. 3I) . In contrast, Bi/Bi 2 Se 3 will not have this effect. We believe that the different energy position of the substrate-induced Bi Dirac cone in Bi/Bi 2 Te 3 versus Bi/ Bi 2 Se 3 is related to both strain and interface effect. The strain effect is clearly reflected in the drastic different band structures of freestanding Bi bilayer at the respective Bi 2 Te 3 and Bi 2 Se 3 lattice constant, as shown in Figs. 4D and 5D . In addition, with the decreasing interfacial distance between the Bi bilayer and substrate, the interface interaction splits the Bi band and further modifies the energy position of the Bi Dirac cone.
The exact origin and nature of the many-body interaction that reconstructs the linear Dirac cone spectrum is not fully clear. However, we have performed some controlled experiments to rule out the electron-phonon interaction. By controlling the growth condition (28), we can tune the Fermi level of the Bi 2 Te 3 substrate. The Fermi level in Fig. 1B is about 50 meV higher than that in Fig.   2A , which also moves the position of the Dirac point. On the other hand, the phonon frequency of two samples should be in the same range. If the electron-phonon coupling were significant, we would expect a change in the quasiparticle Dirac spectra because the relative energy between electron and phonon is different in the two cases. On the contrary, from the measured ARPES spectra (Fig. 1B versus Fig. 2A ), we did not observe any noticeable change in the quasiparticle spectra. We have also done temperature-dependent experiments at 100 and 10 K, which additionally showed no change of quasiparticle spectra with temperature. These experimental results suggest that the electron-phonon interaction (29) is unlikely the origin.
Therefore, we think the observed quasiparticle spectra have an electronic origin. The absence of band renormalization in Bi/ Bi 2 Se 3 supports the view that the electronic many-body interaction in Bi/Bi 2 Te 3 is associated with the hybridization of TI states, based on our comparative DFT calculations between the two systems. Another significant difference between the two systems is strain, which may play an important role in affecting the degree of manybody interaction. However, the exact form of the many-body interaction remains unclear and deserves further investigation. It can be either the Coulombic electron-electron interaction or electron-plasmon interaction. For the electron-plasmon interaction, it usually shows up with satellite diamond-shaped plasmaron bands between the two Dirac points, as observed in graphene (4, 6) . So far, we have not observed the diamond spectral shape but instead a vertical nondispersive feature with comparable energy and momentum resolution as refs. 4 and 6. However, the effects of disorder, sample quality, and ARPES resolution may have prevented us from observing the plasmaron bands. 
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